reported procedures (1) . Briefly, mid-vaginal Eswabs, stored in Amies transport medium (Copan) were thawed on ice and vortexed briefly. A 0.5 ml aliquot of the cell suspension was transferred to a FastPrep Lysing Matrix B (MP Biomedicals) tube containing 0.5 ml of PBS (Invitrogen). A cell lysis solution containing 5 µl lysozyme (10 mg/ml, EMD Chemicals), 13 µl mutanolysin (11,700 U/ml, Sigma-Aldrich), and 3.2 µl lysostaphin (1 mg/ml, Ambi Products) was added and samples were incubated at 37°C for 30 min. Then, 10 µl Proteinase K (20mg/ml, Invitrogen), 50 µl 10% SDS (Sigma-Aldrich), and 2 µl RNase A (10 mg/ml, Invitrogen) were added and samples were incubated at 55°C for 45 min. Cell lysis by mechanical disruption was performed on a FastPrep homogenizer at 6 m/s for 40 s, and the lysate was centrifuged on a Zymo Spin IV column at 7000 x g for 1 min. (Zymo Research). Lysates were further processed on the QIAsymphony platform using the QS DSP Virus/Pathogen Midi Kit (Qiagen) according to the manufacturer's recommendation. DNA quantification was carried out using the Quant-iT PicoGreen dsDNA assay (Invitrogen). Sequencing libraries were constructed using either 1 step or 2 step PCR (details in supplementary methods) (3, 4) . Composition of the vaginal microbiota was assessed by metataxonomics and amplicon sequencing of the 16S rRNA gene V3-V4 hypervariable regions (5, 6) . Libraries were sequenced on an Illumina MiSeq instrument using 600 cycles generating paired-end 300 bp sequence reads. The sequences were de-multiplexed using a dual-indexing approach (3).
1-
Step PCR library construction. Primer sequences ranged from 90-97 bp and amplification was performed using Phusion Taq Master Mix (1X, ThermoFisher) with 3% DMSO, 0.4 mM of each primer, and 5 mL of genomic DNA. A standard volume of genomic DNA was used for each library. Cycling conditions were as follows: initial denaturation at 98°C for 30s, 30 cycles of denaturation at 98°C for 15s, annealing at 58°C for 15s, and elongation at 72°C for 15s, followed by a final elongation step at 72°C for 60s (3).
2-
Step PCR library construction. This library preparation (4) is modified from an Illumina protocol (https://support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation.htm l). The 16S rRNA gene V3-V4 region from genomic DNA was targeted using bacterial primers 338F and 806R combined with a heterogeneity spacer of 0-7 bp, and Illumina Sequencing Primers. A single PCR master mix containing an equal ratio of all primers, was used. Each PCR reaction contained 1X Phusion Taq Master Mix (ThermoFisher), Step 1 Forward and Reverse primers (0.4 mM each), 3% DMSO, and 5 mL of genomic DNA. The following cycling conditions were used for PCR amplification: initial denaturation at 94°C for 3 min, 20 cycles of denaturation at 94°C for 30s, annealing at 58°C for 30s, and elongation at 72°C for 60s, and a final elongation step at 72°C for 7 min. The resultant amplicons were diluted 1:20, and 1 mL was used in the second step PCR which introduced an 8 bp dual-index barcode to the 16S rRNA gene amplicons and the flow cell linker adaptors using primers containing a sequence that anneals to the Illumina sequencing primer sequence introduced in step 1. Each primer was added to a final concentration of 0.4 mM in each sample specific reaction, along with Phusion Taq Master Mix (1X) and 3% DMSO. Phusion Taq Polymerase (ThermoFisher) was used with the following cycling conditions: initial denaturation at 94°C for 30s, 10 cycles consisting of denaturation at 94°C for 30s, annealing at 58°C for 30s, and elongation at 72°C for 60s, followed by a final elongation step at 72°C for 5 min.
Microbiota bioinformatic analysis.
The resulting forward and reverse sequence fastq files were split by sample using the QIIME-dependent script split_sequence_file_on_sample_ids.py, and primer sequences were removed using TagCleaner (version 0.16) (7). Further processing followed the DADA2 Workflow for Big Data and dada2 (v. 1.5.2) (https://benjjneb.github.io/dada2/bigdata.html) (8, 9) . Taxonomy was assigned to each read using a novel fifth-order Markov Chain Monte Carlo taxonomic classifier (available at http://ravellab.org/speciateit) and taxa frequencies normalized to total per-sample read counts. Community state types (CSTs) were identified by calculating the Jensen-Shannon divergence among samples, followed by hierarchical clustering with complete linkage (1) . Clusters were assigned to one of the five CSTs described previously (1, 5) .
Antimicrobial resistance test. Minimal inhibitory concentration (MIC) for 22 vaginal bacteria
strains was determined by broth microdilution using azithromycin and doxycycline in TSB and NYCIII medium (Sigma-Aldrich). Using a previously published protocol, bacteria were exposed to 12 dilutions ranging from 0.03-640 mg/L and the inhibitory concentration determined by OD(10). Hydrochloric acid (HCl) (Sigma) was added at concentrations of 15 mM, 17 mM and 19 mM, and adjusted to pH 7, 5.5 and 4, respectively using 100 mM HCl.
Lactic acid solutions pH adjusted from a 1% lactic acid with NaOH. A 30% (w/v) stock solutions of each D(-), D/L or L(+) lactic acid were made and used to prepare 1% lactic acid in A2EN complete medium (pH ~3) for each experiment. The pH of the media was adjusted to pH 7 and 4 using 1M NaOH. A 1% (w/v) stock solution of HCl was made, followed by a 30X dilution in A2EN complete medium (pH~3) and adjusted to pH 7 and 4 using 1M NaOH. Mucus penetration imaging. mCherry labeled Chlamydia trachomatis serovar L2 were exposed to the cervicovaginal mucus and analyzed in a manner similar to fluorescent HIV (11). Briefly fluorescent bacteria or beads were added at 5% (vol/vol) to 20µl of CVM placed in a custommade glass chamber and incubated for 1 h at 37°C prior to microscopy. An aliquot of CVM was titrated to pH 6.8 to 7.1 using small volumes (~3% [vol/vol]) of 3 N NaOH and then analyzed.
Using an electron multiplying charge-coupled-device (EMCCD) camera (Evolve 512; Photometrics, Tucson, AZ) mounted on an inverted epifluorescence microscope (AxioObserver D1; Zeiss, Oberkochen, Germany) the translational motions of the particles were recorded. Using MetaMorph imaging software (Molecular Devices, San Jose, CA) videos (512 X 512 pixels, 16-bit image depth) were captured and the tracking resolution was determined by tracking the displacements of particles. Trajectories of ≥40 particles per frame on average were analyzed for each sample, typically corresponding to >100 individual particle traces throughout the video.
Sample selection for small RNA-sequencing.
Samples for small RNA-seq were selected from vaginal microbiota profiles previously characterized by metataxonomics analysis (16S rRNA gene sequencing) (2) . Samples were selfcollected daily for 10 weeks by 135 reproductive-age women and dropped off weekly to the study site. A clinical visit was performed at enrollment, week 5 and week 10 of the study.
Sample selection aimed at representing a diversity of vaginal microbiota types and samples were selected from participants with vaginal microbiota longitudinal profiles: 1) persistently dominated by Lactobacillus spp. with few or no reported vaginal symptoms and no diagnosis of BV based on Amsel criteria at all three clinical visits during the study period (5 subjects); 2) with persistent Nugent-BV-associated community state type (CST IV) that were sometimes accompanied by vaginal symptoms, and the participant was Amsel-BV positive for at least one of the three clinical visits during the study period (5 subjects); and 3) with at least one transition between Lactobacillus spp. dominance and Nugent-BV associated CST IV (6 subjects). A total of 83 samples were selected from 16 subjects (Nugent score, CST, and subject characteristics are shown in Table S1B ).
Total RNA extraction. Total RNA extraction from vaginal swabs was performed in random order on selected samples across multiple days and subjects to minimize batch effects. The free water to accommodate 50-100 ng total RNA input. The RNA template was denatured for 2 min at 70°C, then 1µl diluted 3' adaptor, 1µl RNase Inhibitor, 1µl Enzyme 1 and 5µl Buffer 1 were added to the template, mixed, and incubated at 28°C for 1 hour followed by incubation at 65°C for 20 min. Following this step, 4µl nuclease-free water, 1µl Buffer 2, 1µl RNase Inhibitor, and 2µl Enzyme 2, was added to the RNA template and the 3' adaptor mixture. The diluted 5' adaptor was denatured for 2 min at 70°C, then 2µl was added to the mixture and incubated at The beads were magnetized for 4 min, then the supernatant containing the library was transferred to a new tube where 144µl beads were added and incubated for 10 min to bind DNA. The beads were magnetized again for 4 min, the supernatant discarded, and the beads washed twice with 500µl 70% ethanol. After the wash, the beads were left to air-dry before resuspending in 17µl nuclease-free water for 2 min. The solution was re-magnetized and 15µl was transferred as the small RNA-seq library.
Small RNA sequencing -sequencing, alignment, quality control and read mapping. RNA Integrity (RIN) values from vaginal swabs were of lower quality for full-length transcript RNAseq, however, miRNAs were sufficient for analysis as evidenced by lack of correlation between miRNA reads and RINe (Fig. S3A and S3B Following this step, the entire volume was added to 35µl rRNA removal beads, incubated for 1 min, and then beads were captured on a magnetic plate. The supernatant was mixed with 99µl
RNAClean XP beads (Beckman Coulter #A63987), incubated for 15 min, then placed on a magnetic plate where the supernatant was removed, and beads were washed once with 70% ethanol. Beads were left to dry for 15 min, and 11µl elution buffer was added. To elute the rRNA-depleted RNA, the beads were magnetized, and the supernatant removed by pipetting. An . Strand-specific genomic feature overlaps were counted using HTSeq version 0.5.3p3 (16) with default parameters (mode=union, minaqual=0, stranded='yes') and the iGenomes annotation as above (Table S3 and Lactobacillus gasseri, available in SRA under project PRJNA208535) were used as the response variable to determine the most important miRNAs that predicted the community state while the log2 transformed normalized miRNA counts were used as predictors. The training set consisted of 70% of available data while model performance was assessed using the remaining 30% of the held-out data. To increase the confidence of feature calls, miRNAs with zero counts in any sample were excluded, as zero miRNA counts could be due to under sampling. Each model underwent 10-fold cross-validation, with 500 permutations to determine the null distribution for p-value calculation. Default parameters for ntree (500) and mtry (1558 input features/3=519) were used. The algorithm accounted for non-independent samples that originated from the same subject by evenly splitting each cross-fold iteration among subjects using a custom script (available at https://github.com/ravel-lab/smith_thesis_2017/tree/feature/manuscript-2.0/AnalysisPipeline/Scripts). Importance metrics and p-values were calculated based on rfPermute and randomForest R packages (20, 21) . The increase in mean squared error and increase in node purity were used to rank features (22, 23) . Statistically significant features were defined as features with p-value<0.05 for any importance metric within a model result. (Table S3 ). All of the top 10 most abundant unaligned reads from all samples were of human origin.
The R package edgeR, version 3.10.5, was used to compute pairwise differential expression between combinations of each exposure time and BCS vs. cell culture medium (25) . Negative binomial dispersion was estimated for samples passing QC by applying the estimateDisp function available through edgeR. Samples were normalized using the calcNormFactors function (26) . Reads were fit to a negative binomial generalized linear model using the glmFit function available in edgeR, using the sample's treatment as the design matrix. Differential expression using edgeR's likelihood ratio test was computed for each gene using the glmLRT function.
Genes with an average log counts per million (logCPM) >1 , log2-transformed Fold Change (logFC) > 1 and false discovery rate (FDR) < 0.01 (27, 28)(87) were considered differentially expressed between treatments. The mean logCPM as calculated by edgeR is the log2 counts per million reads, averaged over all the libraries, while log2FC is the coefficient of the Generalized Linear Model used by edgeR (25) . Gene expression plots were created using ggplot2 (version 2.2.1) and custom scripts (29) .
Differentially expressed genes for each comparison were used to generate pathway enrichment scores using Ingenuity Pathway Analysis (IPA) (QIAGEN, build version 439932M, content version 33559992). IPA computes a pathway activation score (z-score) for each pathway comparison based on inferred expression directionality using the logFC of each gene (29) .
Determining gene ontology for Lactobacillus spp.-associated miRNAs. Experimentally validated miRNA targets were identified using the "strong evidences" list from miRTarBase, (32)). Total RNA from exposed cells were then extracted by first adding 300 µl RNAlater and mechanically detaching cells from the plate, then using the total RNA extraction method described above. To monitor active DNA synthesis for cell proliferation, EdU (5-ethynyl-2'-deoxyuridine) assay was carried out per manufacturer's instructions (ThermoFisher). Briefly, cell nuclei were stained using Hoechst 33342 (1:1,000) and imaged at 20X using a Zeiss Axio Imager Z1 fluorescence microscope (Zeiss). The amount of DNA synthesis was calculated using CellProfiler (version 2.2.0 rev 9969f42) (33) by counting the number of green nuclei (EdU stained) relative to blue nuclei (DAPI stained) in five fields per duplicate coverslip.
Cell Cyclin D1 (CCND1) Western blot. VK2 epithelial cells were grown and exposed to culture supernatants for 4, 13 or 22 h as described above. For miRNA quantification and scratch assays, medium was removed, total protein extracted using RIPA buffer (Cell Signaling mimic or scramble. Total protein was extracted as described above.
